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1. Introduction 

Climate change is likely to lead to a significant rise in Global Sea Level (GSL) with potentially 

devastating impacts on coastal cities and settlements (e.g., Rowley et al. 2007, Edwards 2008, Hallegatte 

2012, Hallegatte et al. 2013, Horton et al. 2014). The societal and economic impacts would be felt globally. 

Recent successive events show that the costs of single sea-level related disasters are increasing and exceeding 

$100 Billion. In many urban coasts, an accelerated Local Sea Level (LSL) rise is presently causing mounting 

adaptation costs (e.g., Atkinson et al. 2013). The recent extreme events (e.g., tropical cyclones Katrina, Sandy, 

and Haiyan) are demonstrating the high risks for urban coasts associated with storm surges and hurricanes. 

Spatial variability in LSL (e.g., Plag 2006, Ezer 2013) will amplify any increase in GSL on regional scales. 

Acceleration in LSL rise is also spatially variable, and some regions already exhibit significant non-linear 

changes (e.g., at the U.S. East Coast, Sallenger et al. 2012, Ezer et al. 2013, Kopp 2013). In a recent report of 

the National Research Council's Committee on Abrupt Climate Change, the risk for rapid climate change 

impacts is emphasized (NRC 2013).  In particular, the uncertain response of the large ice sheet to climate 

change (e.g., Little et al. 2013; see also the discussion in Plag and Jules-Plag 2013, and the reference therein) 

introduces the possibility of a rapid GSL rise. The rate of change in global temperature observed in the last, 

and projected for the current century is much greater than those documented for many past millennia (Marcott 

et al. 2013), and the projected changes classify as “abrupt changes.” Under these conditions, rapid sea level 

changes cannot be excluded.  

Projections of GSL and LSL on century 

time scales are highly uncertain, and recent risk 

assessments demonstrate that presently future 

LSL variations are not predictable on century 

time scales (Plag and Jules-Plag 2013, and the 

reference therein). The large uncertainty in the 

plausible range of LSL trajectories and their 

Probability Density Functions (PDFs) reduces 

the value of these long-term assessments for 

risk management. Even the upper end of the 

range of plausible future LSL trajectories is 

highly uncertain (Horten et al. 2014) . 

Importantly, the trajectories do not account for 

the risk of abrupt climate change. The range of 

plausible GSL trajectories resulting from the 

still unpredictable response of the large ice 

sheets to climate change is often displayed for 

GSL trajectories at the end of the 21st Century 

(Figure 1), giving the false impression that the 

large range of plausible trajectories can only 

develop on century time scales. However, there 

is no scientific basis to exclude rapid 

contributions from the ice sheets on decadal to 

multi-decadal time scales, opening the 

Fig. 1  Plausible 21
st
 Century trajectories of GSL cover a 

wide range at the end of the present century, with 

possibly much higher trajectories indicated for the later 

part of the 21
st
 Century (red arrow). However, rapid 

increases caused by rapid melting of parts of the large 

ice sheets are possible over the next decades, and 

trajectories like the red and blue one cannot be 
excluded. Modified from Church et al. (2010). 
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possibility for low-probability, high 

impact rapid increases in GSL already in 

the near future. Such a rapid rise would 

have devastating consequences for the 

growing urban coasts, including coastal 

mega cities. In fact, observations of the 

ice sheets during the last 10 years have 

repeatedly surprised glaciologists and 

earth scientists with large and accelerating 

melting rates (Velicogna and Wahr 2005, 

2006) that exceeded what was considered 

likely, or even possible, a few years 

earlier.  

Considering the high costs of 

adaptation and potential disasters caused 

by coastal hazards, both over and under-

protection/adaptation can be very costly 

and challenging for national economies. 

Adaptation taking into account a potential 

rapid LSL rise is economically expensive, 

culturally difficult to communicate, and 

legally and politically difficult to implement. Our civilization has a normalcy bias caused by more than 6,000 

years of experience with a relatively stable GSL, which created the general concept that sea level does not 

change significantly through the life time of a human being or even on time scales of several centuries (Figure 

2). During the existence of human civilization, typical GSL changes were on the order of 0.1 m per century. It 

is difficult to communicate that climate change might cause GSL to change much faster than any of the 

changes human civilizations have experienced. Even on local scale, LSL has been very stable except for a few 

areas where coastal subsidence or rapid land uplift caused changes discernible withing a typical human 

lifespan. However, paleo data for the last 800,000 years (Hansen et al. 2008) shows that changes on the order 

of 5 m per century are possible, and changes on the order of 1 to 2 m per century are normal (Plag and Jules-

Plag 2013).  Due to large spatial variability of LSL, this translated into a PDF for LSL with changes on the 

order of 3 m per century still having high probabilities, while much larger changes cannot be excluded. 

GSL displays interannual to decadal 

variability on the order of centimeters 

(Figure 3)
1

. This variability has been 

related to atmosphere-ocean modes and to 

changes in land water storage (Fasullo et 

al. 2013). The interannual to decadal 

variability shows large spatial variability, 

which can amount to up to 0.20 m over 

two decades, not accounting for 

additional contributions from local 

vertical land motion. Partly, the 

variability is caused by internal ocean 

processes and partly by interaction with 

the water cycle and the atmosphere 

(Meyssignac and Cazenave 2012). At 

time scales of 50 years, spatial variability 

                                                 
1
 From http://www.space.dtu.dk/english/Research/Scientific_data_and_models/Sea-Level-Change; accessed on 2013/10/ 

02. 

Fig. 2  GSL for the last 24,000 years. During the last 6,000 

years, GSL has been exceptionally stable with changes on 

the order of 0.1 m per century. Human civilizations have not 

experienced larger rates, which has created a normalcy bias 

toward the belief that GSL is inherently stable. 

Fig. 3  GSL variations determined from satellite altimetry for the 

period 1993 to 2013.   Note that Fasullo et al. (2013) 

attribute the dip in the GSL curve around 2010.5 to the 

flooding in Australia after a prolonged drought. 
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can be as large as 0.15 m (Plag, 2006; Meyssignac et al., 2012). 

2. Need for interannual to decadal LSL projections 

In many coastal locations, small changes in mean LSL can significantly change inundation risk and the 

frequency and magnitude of flooding (Atkinson et al. 2013).  A rapid LSL rise would amplify risks and the 

ensuing disasters could challenge our civilization. During the last deglaciation, rapid LSL altered coast lines 

within decades. However, during that time, large-scale built environment was absent, and with much lower 

populations, humans could easily adopt to shifting coast lines. Today, with substantial built environment and 

crucial infrastructure in coastal zones, rapid changes in coast lines and increased inundation risks during 

storm surges would be economically and environmentally devastating. Recently, several city managers have 

indicated that “early warnings” for a rapid LSL rise with lead times of five to fifteen years would provide 

actionable information for decision makers (e.g., Timothy Reeder 2009, personal communication), and they 

have asked for the establishment of a decadal LSL forecasting service. Considering the normalcy bias 

resulting from a very unusual period of stable GSL and the extremely high risk associated with a rapid LSL 

rise, predictions on decadal time scales are needed to inform timely adaptation and to provide early warning 

in case there is on onset of rapid changes (Plag et al. 2010; Showstack 2013). 

Having the ability to reliably predict seasonal to decadal LSL variations would allow for timely detection 

of the onset of a low-probability, high-impact rapid GSL rise and enable an “early warning system” required 

to facilitate mitigation and adaptation where and when necessary. Earth observations will be able to identify 

major ice masses that enter a state of instability, and for these masses, predictive capabilities for their 

disintegration trajectories need to be developed. Based on such disintegration predictions, LSL could then be 

forecast with the same time horizon as ice sheets, if a validated ice-ocean-solid-Earth model is available. 

Likewise, ocean observations will be able to detect the onset of major changes in ocean circulation and heat 

content affecting GSL and LSL, and validated atmosphere-ocean models will be able to forecast the further 

development on seasonal to decadal time scales. 

Predictive capabilities need to be assessed quantitatively before actionable interannual to decadal 

predictions can be made available as decision support. No single Earth system model is currently available 

that can accurately predict past, present, or future LSL changes, and it is unlikely that such a model will 

become available in the near future. Moreover, some underlying processes (including future greenhouse gas 

emissions; effects of human “re-engineering” of the planet on climate; response of ice sheets and glaciers to 

global warming) likely will remain unpredictable on century time scales for a long time to come. 

 In order to assess our predictive capabilities, it is important to answer three specific science questions: (1) 

At what time scales does predictability break down for the individual processes contributing to LSL changes? 

(2) Which of these processes have the potential to cause rapid LSL rise? (3) With what lead time could the 

onset of a rapid LSL rise be detected, given the limited predictability of several contributing processes? 

3. Local sea level equation 

The definition of LSL and a cumulative equation for LSL are given in Box 1. LSL as defined there is the 

quantity directly related to potential impacts of climate change and LSL rise in a given coastal area. GSL is 

the average of LSL taken over the surface of the oceans. With this definition, changes in GSL equal changes 

in the Global Ocean Volume (GOV). 

Coastal LSL is the result of global, regional and local-scale Earth system processes, which alter sea 

surface height, land surface height, or both (e.g. Plag 2006). These processes include mass relocation in ice 

sheets, glaciers, land water storage, and oceans; deformation of the solid Earth and gravity field changes 

caused by the mass relocation; changes in ocean heat storage and ocean currents; changes in atmospheric 

circulation; tectonic processes; and local coastal subsidence caused by natural and anthropogenic processes. 

In many locations, detrended LSL exhibits interannual to interdecadal variability exceeding 20 cm, and 

intraseasonal variability and changes in the seasonal cycle add to LSL variability. 
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Earth system models available today are not capable of modeling all LSL forcing processes and 

predicting LSL changes. However, the scientific understanding of the link between individual global, regional 

and local processes and LSL changes is well developed. Therefore, a local approach can be used to model 

LSL changes. To accomplish this, we separate LSL into a high-frequency and a low-frequency part and 

provide cumulative equations for each part, expressing LSL variations as a sum of contributions from the 

various processes (eqs. (3) and (4) in Box 1). 

Equation 4 illustrates the complex nature of low-frequency LSL variations as the result of processes in the 

global water and energy cycles merged with geodynamic processes and, recently, anthropogenic activities. 

The processes separate into two large groups, namely those that are mainly volume changes of the ocean 

water (and thus affect GOV but not Global Ocean Mass (GOM) and those that are associated with significant 

mass redistribution in the global water cycle (and thus may also affect GOM). 

The link between mass redistributions, including mass exchanges between the oceans and other reservoirs 

in the global water cycle, is given by the mass-LSL equation detailed in Box 2. Eq. (5) has been applied 

extensively to studies of LSL changes caused by the ice ages and the subsequent Post-Glacial Rebound (PGR, 

see Mitrovica et al. 2010, and the references therein). Main focus has been on the viscous part and the 

determination of the radial viscosity profile of the Earth mantle. There are still considerable inter-model 

differences in predictions of present-day PGR signals in LSL, surface displacements, geoid, and rotation (e.g., 
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Chambers et al. 2009), which originate mainly in differences in ice history and the treatment of rotational 

effects. Using eq. (5) to describe the relation between present-day mass changes and LSL so far has been 

restricted to a few examples (e.g., Plag and Juettner 2001; Mitrovica et al. 2001; Plag 2006; Mitrovica et al. 

2009; Bamber et al. 2009). 

Major mass redistribution in the global water cycle can result from significant mass loss from ice sheets, 

ice caps, and glaciers. Net ice-mass depletion of land-based ice will add to net water mass in the ocean unless 

it is intercepted by surface water or terrestrial storage reservoirs. The mass loss is accomplished by direct 

climate forcing (through changes in precipitation, melt rate, etc.) and by dynamic changes (e.g., subglacial 

sliding, iceberg calving) that can be indirectly and non-linearly influenced by climate. Dynamic changes can 

act to accelerate mass loss from glaciers and ice sheets, but generally not to retard it. If these mass changes 

are known sufficiently, for example, from model predictions, then the resulting LSL variations can be 

calculated using eq. (5). 

Predictions of GSL from land ice sources depend critically upon numerical simulations and require 

knowledge of atmospheric and oceanic forcing as well as geometric landscape boundary conditions. While 

significant progress has been made in ice sheet numerical modeling capacity, robust operational models do 

not yet exist for prediction (Libscomb et al. 2009). Chief among obstacles to be overcome are a lack of 

knowledge of the processes of subglacial sliding (boundary slip) and iceberg calving. Solutions to these 

problems and limitations are being sought, and in the meantime, predictions based on climate proxies and 

approximations of dynamics (e.g., Pfeffer et al. 2008) provide temporary “placeholder” solutions. 

4.  A modular, coupled Earth system model for LSL 

Equation 4 can be implemented in a modular, coupled model representing the relevant Earth system 

processes and ensuring consistency between these processes.  Fig. 4 displays the main modules of a modeling 

framework for LSL changes. Ideally, all individual modules would be at the same level of internal complexity 

and fully coupled, representing all interactions between the four main modules. Most Atmosphere-Ocean 

General Circulation Models (AOGCMs) include a reasonably well developed coupled atmosphere and ocean 
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system, but the physical processes for ice sheets, glaciers, sea ice, biosphere, land use changes, and land water 

storage are not sufficiently represented. Advanced land water storage models such as the Global Land Data 

Assimilation System (GLDAS) account for hydrological feedbacks in detail and provide high-resolution 

water storage predictions. Empirical models for ice sheets and glaciers based on recent observations are likely 

to provide better results than physical models, which have not reached a high degree of predictive capabilities. 

Similarly, separate sea ice models forced by climate model output might get the best modeling of the sea ice 

extent. Considering these diverse state-of-the-art-models, it is of advantage to develop the modular model 

depicted in Fig. 4 as an extendable and scalable framework, in which the individual modules successively can 

be improved and couplings can be added as they are better understood. By allowing for maximum usage of all 

available information, with some processes better constrained by observations and models and other processes 

less constrained, the modular approach provides the basis for assessing in detail the uncertainties, including 

their spatial variability. 

Fig. 4  Structure of the modular LSL modeling framework. The upper three boxes are modules representing the 

fluid envelope of the solid Earth. Mass exchanges of the ocean with land ice and land water storage represent 

the main mass fluxes. Heat exchange with the atmosphere contributes to steric changes of the ocean and 

impacts currents. Mass redistribution in the fluid envelope loads the solid Earth and leads to mass 

redistribution in the ocean. The arrows represent couplings between the modules including mass fluxes, heat 

exchange, surface forces, and gravitational forces. 

5. Discussion 

A scalable modular Earth system modeling framework for LSL changes can be used to study the 

predictability of LSL on intraseasonal to interdecadal time scales. Continuous observations of key 

components of the Earth system (e.g., the ice sheets, ice caps and major glaciers, ocean currents, ocean 

temperature, land water storage, sea surface height changes, vertical land motion) and a combination of global 

and regional system models that assimilate these observations provide a basis for forecasts of short-term 

(years) and intermediate (decades) LSL changes. This system modeling framework is currently under 

implementation. Modules of the system modeling framework will include (1) global models (atmosphere and 

oceans, ice sheets, glaciers, continental hydrosphere), (2) regional models for steric effects, (3) local models 

for vertical land motion, and (4) physical models to convert global processes into local effects. The modular 

system model will provide a framework for data assimilation and model integration. In order to improve 
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predictive capabilities, assimilation of observations on global to regional scales (e.g., gravity field, Earth 

rotation, sea surface heights) will constrain models, while regional and local observations (e.g., InSAR, GNSS, 

ground observations) will inform specific processes. The system model ensures global consistency for key 

Earth system variables, including mass and momentum conservation. The modular nature of the system 

enables rapid integration of progress made in any of the modules by the project team or by other groups 

working on relevant models. 

The seasonal to decadal LSL variability (see Section1) observed by satellite altimetry for more than two 

decades and by tide gauges for more than 50 years can be used to assess the predictive capabilities of models 

for the processes that force these LSL variations. There is considerable uncertainty in the relative contribution 

of the various processes that cause the spatial variability at interannual to decadal time scales and the extent to 

which models have predictive capabilities for this variability.  

The modules of the system modeling framework will be validated by comparing hindcast predictions of 

LSL changes with observations from 1950 to present. Special attention will be given to the increasing level of 

significance of processes, such as ice dynamics, that have become important now but were less active in the 

past. The validation will be set up such that it supports a full assessment of the predictive capabilities of 

individual modules as well as the integrated system, and provides quantified uncertainties. This will provide 

feedback on the predictive capabilities of individual modules, including global to regional climate models. 
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